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Mechanisms of chronic hypoxia-induced renal cell growth. synthesis by cultured pulmonary artery smooth muscle
Chronic local tissue hypoxia appears to play an important role cells, endothelial cells, dermal and cardiac fibroblasts.
in the initiation and progression of chronic renal disease. We Despite the growing evidence of a mitogenic and fibro-examined the effect of local hypoxia on cultured renal tubular
genic role for hypoxia in several cell systems, it is notepithelial and mesangial cell proliferation, dedifferentiation,
known whether or not hypoxia alters the proliferativeand extracellular matrix synthesis. The underlying signaling
mechanisms whereby hypoxia induces renal cell growth were behavior of renal cells. Our studies focused on examining
evaluated. The roles of protein kinase C, p38 mitogen-activated the effects of local hypoxia in cultured LLC-PK1 renalprotein kinase, TGF-b1, osteopontin, and nitric oxide were
tubular epithelial and glomerular mesangial cells. Wedetermined.
first developed an appropriate cell culture model system
in which cultures are maintained under conditions of
continuous gentle rocking [6]. Cultures maintained inGlomerular sclerosis and tubulointerstitial fibrosis,
this fashion are exposed to media oxygen tension similarcharacterized by increased cellular proliferation and de-
to the incubator environment and exhibit differentiatedposition of extracellular matrix proteins, represents a
morphology and functions [6, 7].significant clinical problem in the development of end-
The effect of hypoxia on cell functions was examinedstage renal disease [1]. The mechanisms underlying the
under rocked conditions by exposing quiescent culturesinitiation and progression of these progressive renal dis-
either to hypoxia (3% O2, media pO2 5 30 to 40 mm Hg)eases are poorly understood. Chronic local tissue hyp-
or normoxia (18% O2, media pO2, 130 to 140 mm Hg)oxia may accompany hypertension, diabetes, and chronic
in a serum-free medium. Using this culture model, wecyclosporine therapy, and thus may play a pathogenetic
initially reported that chronic local hypoxia impairs therole in the initiation and the development of progressive
differentiation of 3T3-L1 fibroblasts and induces dedif-renal disease [2, 3]. In this regard, chronic renal ischemia
ferentiation and proliferation of cultured LLC-PK1 cellsalone, produced by 70 to 80% reductions in renal blood
[8, 9]. Subsequently, it was demonstrated that hypoxiaflow, causes glomerular sclerosis and chronic tubuloin-
induces proliferation of cultured rat mesangial cells [10].terstitial nephritis in the rat [4, 5].
Exposure of quiescent mesangial cells to hypoxia for 28
hours in a serum-free medium resulted in a significant
CHRONIC LOCAL HYPOXIA INDUCES RENAL
increase in [3H]-thymidine incorporation followed by aCELL GROWTH AND EXTRACELLULAR
significant increase in cell number when compared withMATRIX SYNTHESIS
normoxic cells (Fig. 1). In addition to its mitogenic effect,
A reduction in blood flow produces low-grade ische- we found that hypoxia also enhances the expression of
mia, which is associated with reduced nutrient and oxy- extracellular matrix proteins in mesangial cells (abstract;
gen delivery to cells. Cell culture models can be used to Mei et al, J Am Soc Nephrol 6:A910, 1995). Hypoxia
determine whether a decrease in local oxygen tension produced significant increases in the mRNA levels of
(hypoxia) may alter cell functions. Hypoxia has been type IV collagen, fibronectin, and laminin in a time-
shown to induce proliferation and extracellular matrix dependent manner from 8 to 72 hours when compared
with respective normoxic controls (Fig. 2). At 72 hours
1 Current address: Division of Nephrology and Hypertension, North- of hypoxia a two- to threefold increase in the mRNA
western University Medical Center, Chicago, Illinois, USA. levels of these extracellular matrix proteins was induced.
Consistent with these findings, hypoxia has recently beenKey words: blood flow, oxygen delivery, progressive glomerular dis-
ease, hypertension, glomerular sclerosis. shown to stimulate extracellular matrix production by
cultured rat mesangial cells, human proximal tubular 1999 by the International Society of Nephrology
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Fig. 1. Effect of hypoxia on the proliferation
of cultured rat mesangial cells. Quiescent cul-
tures were exposed to hypoxia (H) or nor-
moxia (N) for 28 or 72 hours in a serum-free
medium followed by the assessment of [3H]-
thymidine incorporation (A) and cell number
(B), respectively. Each value is mean 6 se of
6 separate determinations. (Reprinted from
Am J Physiol 273:F954–F960, 1997 with per-
mission from the American Physiological So-
ciety).
epithelial cells and cortical interstitial fibroblasts [11, 12]. which appears to be a crucial event in the development
of diabetic nephropathy [13].In addition, hypoxia also decreases extracellular matrix
We have found that hypoxia induces an acute andturnover via decreased gelatinase activity and increased
sustained increases in intracellular calcium ([Ca21]i) inexpression of tissue inhibitor of metalloproteinases in
mesangial cells [10]. Studies utilizing the calcium channelcultured proximal tubular epithelial cells, an effect that
blocker, verapamil, and calcium-free media suggested thatcould further contribute to increased extracellular matrix
increased calcium-influx modulates the hypoxia-inducedsynthesis induced by hypoxia [12].
acute stimulation of [Ca21]i, PKC, and proliferation by
mesangial cells [10]. Consistent with this notion, vera-
POTENTIAL MECHANISMS OF HYPOXIA- pamil and other calcium channel blockers have been
INDUCED RENAL CELL GROWTH shown to prevent mesangial cell proliferation in both in
Despite the growing evidence that hypoxia is a mito- vitro and in vivo models of hypertension and glomerulo-
genic and fibrogenic factor to multiple cell types, the nephritis [14, 15].
underlying signaling mechanisms whereby hypoxia alters
Role of the mitogen activated protein kinase familycellular behavior remains poorly defined.
Protein kinase C activation modulates various cell
Role of protein kinase C and intracellular calcium functions indirectly via other serine/threonine kinases,
Protein kinase C (PKC) is an important signaling mol- commonly referred to as mitogen-activated protein
ecule involved in cell growth and differentiation. We have (MAP) kinase. This is a family of kinases that includes
shown that hypoxia causes sustained activation of PKC the (1) ERK family of MAP kinase and (2) stress acti-
in LLC-PK1 and mesangial cells, as well as 3T3-L1 fibro- vated protein (SAP) kinases, consisting of c-Jun N-termi-
blasts [8–10]. In addition, PKC inhibitors prevented the nal kinase (JNK) and p38 MAP kinase. While ERKs are
hypoxia-induced proliferation and/or dedifferentiation implicated in mitogenesis and JNKs in the induction of
by these cells [8–10]. Hypoxia induced a biphasic (acute apoptosis, the role of p38 MAP kinase remains contro-
and subsequently sustained) activation of PKC in both versial. Earlier studies implicated the activation of total
mesangial and LLC-PK1 cells [9, 10]. This pattern of MAP kinase in hypoxia-induced proliferation of LLC-
PKC activation has raised the possibility that there may PK1 cells (abstract; Mei et al, FASEB J 10:A812, 1996),
be two different PKC-activating mechanisms and more and recently hypoxia was found to activate p38 MAP
than one isoform of PKC involved in hypoxia-induced kinase in mesangial cells in a calcium and PKC-depen-
cell proliferation. In addition to hypoxia, hyperglycemia dent manner (abstract; Sahai et al, J Am Soc Nephrol
8:A2066, 1997). In addition, a specific inhibitor of p38induces a sustained activation of PKC in mesangial cells,
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Fig. 2. Effect of hypoxia on extracellular ma-
trix gene expression in cultured rat mesangial
cells. Quiescent cultures were exposed to hyp-
oxia (H) or normoxia (N) in a serum-free me-
dium for 2 to 72 hours followed by the assess-
ment of mRNA levels of type IV collagen,
fibronectin, and laminin by Northern blot
analysis. CHO-B was used as a housekeeping
gene for comparison. (A) Representation of
4 experiments done separately. (B) Densito-
metric analysis of all matrix proteins. Symbols
are: (d) type IV collagen; (s) fibronectin; (h)
laminin.
MAP kinase (SB203580), but not of ERK (PD098059), lial cells [12, 16]. In our studies hypoxia stimulated TGF-
b1 mRNA levels in cultured mesangial cells beginningreduced the hypoxia-induced proliferation of mesangial
cells (abstract; Sahai et al, ibid). at 2 hours with a maximal increase observed at 72 hours
of examination (Fig. 3). Hypoxia-induced increase in
Role of growth factors and osteopontin TGF-b1 expression at 72 hours paralleled the maximal
induction of extracellular matrix synthesis (Figs. 2 andHypoxia induces the synthesis of specific growth fac-
tors in a cell and tissue specific manner that includes: 3). However, the precise role of TGF-b1 in hypoxic stim-
ulation of matrix synthesis remains unclear and may be(a) erythropoitin (EPO) in kidney and hepatoma cells;
(b) vascular endothelial growth factor (VEGF), platelet- cell specific, as TGF-b1 is not a primary mediator of
hypoxia-induced matrix synthesis in cultured proximalderived growth factor (PDGF), endothelin-1 (ET-1), and
interleukin-6 (IL-6) in cultured endothelial cells; (c) tubular epithelial cells [12].
Recently osteopontin (OPN), a secreted matrix pro-ET-1 in proximal tubular epithelial cells; and (d) trans-
forming growth factor-b1 (TGF-b1) in cultured dermal tein and adhesion molecule, is emerging as an important
growth promoter of vascular smooth muscle cells andfibroblasts, hepatoma cells, and proximal tubular epithe-
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Fig. 3. Effect of hypoxia on transforming growth factor-b1 (TGF-b1)
Fig. 4. Potential mechanisms of hypoxia-induced mesangial cell prolif-gene expression in cultured rat mesangial cells. Quiescent cultures were
eration and extracellular matrix synthesis.exposed to hypoxia (H; j) or normoxia (N; h) in a serum-free medium
for 2 to 72 hours followed by the assessment of TGF-b1 mRNA levels
by Northern blot analysis. (A) Representation of 4 experiments done
separately. (B) Average densitometric analysis. CHO-B was used as a
housekeeping gene for comparison. role for hypoxia in the stimulation of OPN synthesis
and in the subsequent development of progressive renal
disease.
cardiac fibroblasts [17, 18]. In the kidney, OPN has been
Role of nitric oxideshown to play a role in the regeneration of renal proximal
Chronic renal injury in models of hypertension,tubular cells after acute severe hypoxic or ischemic injury,
cyclosporine A, and diabetes is associated with impairedand is also implicated in tubulogenesis [19–21]. Renal
nitric oxide (NO) production. In rats with extensive renalexpression of OPN has also been shown to be increased
ablation, a chronic noninflammatory process, inhibitionin angiotensin (Ang) II-induced tubulo-interstitial ne-
of NO synthesis enhanced the glomerular injury [24].phritis, unilateral ureteral obstruction, experimental cy-
Conversely, oral administration of l-arginine, which isclosporine A nephropathy, and focal glomerulosclerosis
a substrate for NO production, has been shown to have[22, 23]. In addition, OPN is up-regulated during the
beneficial effects in models of chronic renal failure. Con-repair process of glomerular injury in the anti-Thy-1
sistent with this notion, NO donors have been found tomodel of glomerulonephritis (abstract; Prols et al, J Am
inhibit adhesion, proliferation and extracellular matrixSoc Nephrol 7:A2585, 1996). In all these conditions up-
synthesis by cultured mesangial cells [25]. Together,regulation of OPN is associated with increased influx of
these studies suggest that NO is antimitogenic and anti-monocytes/macrophages, suggesting a pathogenetic role
fibrogenic, and that decreased levels of NO may promotefor OPN. Recently, we observed in cultured mesangial
glomerular sclerosis in vivo.and LLC-PK1 tubular epithelial cells that hypoxia stimu-
Hypoxia has been found to inhibit both the basal andlates the release of OPN and an anti-OPN antibody com-
lipopolysaccharide (LPS)-induced NO production bypletely prevented the hypoxia-induced proliferation (ab-
cultured mesangial cells, suggesting that hypoxia maystract; Sahai et al, J Am Soc Nephrol 8:A1983, 1997 and
inhibit both the constitutive and inducible nitric oxideJ Am Soc Nephrol 9:A2280, 1998). These results suggest
synthase (NOS) activity (abstract; Sahai et al, J Am Socthat OPN mediates the proliferation of mesangial and
Nephrol 8:A1983, 1997). Hypoxia inhibits constitutiveLLC-PK1 cells induced by hypoxia. Taken together, our
results complement the in vivo findings and suggest a NOS activity in pulmonary vasculature and cultured en-
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on the extracellular matrix production in cultured rat mesangialdothelial cells as well as inducible NOS in cultured car-
cells. Nephron 72:275–280, 1996
diac myocytes [26, 27]. Of interest, TGF-b1 and OPN, 12. Orphanides C, Fine LG, Norman JT: Hypoxia stimulates proximal
tubular cell matrix production via a TGF-b1-independent mecha-which are increased by hypoxia in mesangial cells, have
nism. Kidney Int 52:637–647, 1997been shown to inhibit NOS activity in mesangial and/or
13. Craven PA, Studer RK, Negrete H, DeRubertis FR: Protein
proximal tubular epithelial cells [28, 29]. Figure 4 shows a kinase C in diabetic nephropathy. J Diabetes Compl 9:241–245,
1995potential signaling pathway where hypoxia may increase
14. Shultz PJ, Raij L: Inhibition of mesangial cell proliferation byproliferation and matrix expression in mesangial cells calcium channel blockers. Hypertension 15:176–180, 1990
involving TGF-b1, OPN, and NO. 15. Kiyama S, Nanishi F, Tomooka S, Okuda S, Onoyama K, Fujis-
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